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ABSTRACT 
Various chemical and physical aspects of high lipid absorption by 
medical grade silicone rubber and the dynamic mechanical properties of 
lipid-rubber systems were studied in order to provide an insight into 
the problem of 'variance' of these materials when subjected to 'in vitro' 
and 'in vivo' environments. Wide variations of post cure procedures of 
the silicone rubber were studied. Different post cures did not appreci-
ably affect the mechanical properties of the silicone rubber. Mass 
transfer studies demonstrated that the diffusion of linolenic acid into 
a silicone rubber slab is a purely physical diffusion process (D = 3.2 
x 10-3 cm2/min). Pure diffusion did not account for the high lipid 
uptake of silicone rubbers which had been exposed to a human environ-
ment. Several 'in vitro' tests utilizing a metal salt (FeC13 ) as a 
catalyst inside the silicone rubber produced a 21% lipid weight gain 
in 10 days. 
A possible mechanism for high lipid uptake of the silicone rubber 
is proposed. The mechanism is consistent with reported analytical find-
ings of 'in vivo' lipid tests. Dynamic mechanical (viscoelastic) pro-
perty studies indicated that silicone rubbers which had high lipid up-
takes were deteriorated. At body temperature the modulus of the lipid-
8 2 
rubber system (35% lipid uptake) was 0.34 x 10 dyne/em compared to 
8 2 1.0 x 10 dyne/em for new silicone rubber. 
The findings of this investigation will serve as a foundation for 
further study directed toward the elimination of high lipid uptake when 
silicone rubber is subjected to 'in vivo' environments. 
iv 
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I. INTRODUCTION 
Many prosthetic heart valves currently implanted consist of a sili-
cone rubber ball functioning within a metallic cage. Reports to date 
have shown that a small percentage of poppets ( : 2%) become variant after 
exposure to a human environment. The percent of silicone rubber balls 
which become variant is small and varies from type to type but is ob-
served in all valves regardless of the design. Variance of poppets 
recovered during surgery includes discoloration, swelling and cracking. 
It is generally accepted by researchers involved with biomaterials that 
the lipid uptake into silicone rubber balls is the primary cause of 
variance. Various chemical and physical aspects of ball variance have 
been investigated, however, no studies thus far have successfully cor-
related the mechanical viscoelastic properties of the balls with lipid 
uptake. 
Weight increases of up to 40 percent have been observed in recov-
ered variant balls as compared to only a few percent for non-variant 
recovered balls. 'In vitro' tests using artificial plasmas have only 
resulted in weight increases of approximately 2 percent, using acceler-
ated test cycles and extended time periods. Lipid uptake from 'invitro' 
tests do not correlate with 'in vivo' results. The objectives of this 
investigation are to simulate the 'in vivo' results through 'in vitro' 
methods and to gain an insight into the parameters and processes in-
volved with lipid uptake and to correlate these findings with mechani-
cal and viscoelastic properties of exposed balls. The overall findings 
are compared for balls subjected to different environments which simu-
late the conditions found in the human body. 
2 
II. BACKGROUND 
Many replacement heart valves currently implanted consist of a 
silicone rubber ball functioning within a metallic cage. Silicone 
rubber (polydimethyl siloxane with fillers) was first developed by a 
group of scientists at Dow Corning in 1945. 1 Medical grade silicones 
refer to those polymers which fulfill three requirements: 43 
1. Manufactured under pharmaceutically clean conditions. 
2. Quality controlled for medical applications. 
3. A long history of successful implantation in humans. 
2 In 1948 Rowe, et al. published the first information on the toxicology 
of silicone polymers. They were found to be chemically inert and 
caused a minimum foreign body reaction. In 1950 De Nicola3 reported 
on the first implantation of silicone rubber using silicone rubber 
tubing to replace a uretha. The largest single use of biomedical sili-
cone rubber was probably for hydrocephalus valves. These have been in 
use since 1955 and are estimated to be implanted in more than 150,000 
individuals. 1 Successful replacement of a mitral valve with a silicone 
rubber ball-in-cage prosthesis was first performed in March 1960. 4 
Starr performed the first aortic valve replacement in September 1960 
using a ball-in-cage prosthesis. 5 The ball-in-cage type valve, of which 
the Starr-Edwards valve is best known, was implanted in 40,000 persons 
between September 1960 and October 1967. 6 The rate of valve replace-
6 
ment in the United States now approaches 10,000 persons per year. 
A review of various prosthetic heart valves is cited by Raschke. 6 
There are approximately 40 different valve models currently available 
3 
commercially utilizing different materials of construction. Silicone 
rubber is commonly used to fabricate many of the components. One of 
the problems with silicones is their ability to absorb lipids when in 
contact with body fluids. Reports have indicated that some silicone 
rubber balls and finger joints had undergone variance as indicated by 
discoloration, swelling and cracking. Poppet variance was defined by 
Hylen, et a1. 11 as "Valvular dysfunction resulting from physical and 
chemical alterations in Silastic poppets (balls) in cardiac valve 
prostheses". Variance of poppets recovered during surgery includes 
discoloration, swelling and cracking.l-lO The swelling can result in 
jamming the ball with subsequent abrasion of the ball on the legs of 
12 the cage. 
13 
reported. 
Severe cracking or splitting of the poppets has also been 
Mellenry, et a1. 14 studied a series of 189 patients with 
aortic valve replacements who survived a minimum of 12 months. Ball 
variance was detected in about 25 percent of the cases by phonocardio-
graphic techniques and was the cause of death in 9 of the patients. 
It has also been reported that 512 deaths and 300 injuries have been 
associated with some type of failure of artificial heart valves since 
196o. 13 The failure rate of the aortic prosthesis poppets is signifi-
cantly higher than that of the mitral prosthesis. Pierce, et a1. 20 
reported in five cases of double valve replacements that after expo-
sure to the same biological environment (in the same human body) for 
the same time duration only the aortic balls were variant; the mitral 
poppets were not. Other reports and cases of variance in silicone 
have been reported 14-l 9 but do not deal specifically with the problems 
4 
at hand. Several laboratories have reported all blood lipids are found 
in implanted valves and approximately in the same proportions usually 
found in human plasma. 14 • 20 - 22 Chin, et a1. 22 found no phospholipids 
in implanted balls in 20 cases. Moacacanin, 22 et al. attempted to use 
solubility parameters to explain the lipid uptake. Thermodynamically, 
the crosslinked polymers should undergo maximum swelling when the co-
24 hesive energy density of the polymer matches that of the solvent , 
however, this is not the only factor in considering polymer-solvent 
interactions. 24 Relative polarities of the polymer and solvents must 
also be considered. Lipids, such as cholesteryl esters, triglycerides, 
cholesterol and various fatty acids have solubility parameters (o = 8.0 
- 8.4) similar to that of the silicone polymer and proteins and phos-
pholipids have high solubility parameters. 23 Mayhan, et a1. 25 reported 
finding amino acids as well as various lipids in an extract of a vari-
ant ball. The results indicated that body fluids were trapped in 
microfissures in the poppets and that the amino acid data reflect this 
occurrence. Subsequent analyses of other variant balls did not reveal 
the presence of amino acids. Meester, et al. studied extracts from 
malfunctioned silicone rubber fingers, wrist and elbow joints. 26 They 
found that the total lipid content of implanted joints varied from 
0.18 to 2.55 wt. %. The concentration of phospholipids and nonesteri-
fied fatty acids was less than 0.20% of total lipid content. The com-
bined cholesterol and triglyceride levels accounted for about 40% of 
total lipids. The remaining lipids were not individually identified. 
By comparison, variant heart-valve balls have much greater amounts of 
lipid present. The environmental difference between the implanted 
5 
heart valves and the finger joints is in the surrounding fluid medium. 
The heart valves are in contact with flowing blood whereas the joints 
are in contact with the interstitial fluid. It was reported that the 
interstitial fluid contains much lower concentrations of lipids than 
26 does blood. It has not been conclusively established whether the 
lipids in the interstitial fluids are complexed as lipoproteins as they 
are in blood plasma. 
27 Almond, et al. studied the lipid uptake of silicone rubber with 
a high-speed pulse duplicator with whole canine blood as the test media. 
An equivalent of 5 years of mechanical stress was obtained in 6 months 
time. At that time, it was found that balls subjected to mechanical 
stresses absorbed a greater quantity of lipid than poppets tested stati-
cally in the same medium. It should be noted however, that the total 
extractable lipids were less than 2 percent in the stressed poppets. 
Carmen, et al. studied the lipid uptake of various polymers and 
elastomers and silicone rubbers post-cured to various degrees in a 
28 pseudo-plasma medium shown in Table I. The balls were placed in a 
tube and the medium pumped through the tube. They found that silicone 
rubber had less lipid uptake (0.7% weight gain) compared with other 
rubbers such as Viton (0.99%), Urthane (4.51%), and Neoprene (6.1%). 
An 'in vitro' test which could produce a 10% weight gain over a 
29 period of 120 days was presented by Carmen et al. • This test invol-
ved immersing silicone rubber in a solution of linoleic acid in di-
methyl ether &vacuum drying it. 
29 Carmen et al. separated extracts from variant balls and found 
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the highly polar lipid by infrared spectroscopy, nuclear magnetic reson-
ance spectroscopy, mass spectroscopy and elemental analyses. They found 
these products to be oxidation products of polyunsaturated fatty acids. 
However, 'in vitro' tests could only achieve 1.7% lipid uptake after 
2 weeks and leveled off with a modified Cahn's medium in which oxidized 
linolenic acid was added. 
Reports to date indicate that 'in vitro' testing in synthetic 
plasma media, under various conditions, can achieve only a 2.0% lipid 
uptake after 8 weeks. The lipid uptake does go up somewhat over an 
extended period of time when oxygen was bubbled through the medium. 30 
This work deals with a new approach to 'in vivo' testing which more 
nearly simulates results obtained from 'in vivo' exposure. Mass trans-
fer and mechanical property studies allow the formulation of a model 
which gives an insight into the relationship of changes in the silicone 
rubber with lipid uptake. 
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III. EXPERIMENTAL METHODS 
A. Characterization of Uncured Silicone Polymer 
Uncured Dow Corning silicone rubber (polymer) MDX-4-4515 from 
which a number of heart valve balls are fabricated, was characterized 
in order to obtain information concerning the composition and molecular 
weight of the starting polymer. This gum contains a crosslinking agent 
and colloidal silica filler. 
1. Crosslinking Agent Cpncentration Determination 
2,4-dichlorobenzoic peroxide (DCBP) is normally blended in MDX-4-
4515 as a crosslinking agent by the manufacturer (Dow Corning). One 
3 gram of the gum was cut into pieces measuring 0.2 x 0.2 x 0.2 em and 
extracted with 100 ml of absolute ethanol for 16 hours to remove the 
DCBP. The extraction procedure was then repeated on the same sample. 
The extracts were combined and freeze dried. The dry residue was dis-
solved in isopropyl alcohol and transferred into a 100 ml volumetric 
flask. This was diluted to the mark with isopropyl alcohol and a 10 
ml aliquot used for peroxide analysis as described by Weiss31 . A 
small piece of dry ice and 50 ml of isopropyl alcohol were dropped in-
to a 250 ml volumetric flask. After the dry ice had completely sub-
limed, 10 ml of the test solution were added by means of a pipet. Two 
ml of saturated aqueous sodium iodide solution (approximately 200 gm 
per 100 ml of water) was added, the flask stoppered and agitated. The 
0 flask was placed in a water bath at 40+1 C for 1 hour, removed and 75 
ml distilled water added. This mixture was titrated with 0.1 N sodium 
thiosulfate to a colorless solution. A blank determination was per-
formed. The chemical reactions involved in the determination 
of DCBP are as follows: 
Liberation of free iodine 
ROOR' + 21- (excess) + 2H+ ~ ROH + R'OH + 1 2 
Titration of iodine with sodium thiosulfate 
1 2 + 2Na2s2o3 ~Na2 s4o4 + 2 Nal 
Combining above two chemical equations 
9 
ROOR' + 2H+ + 21- + 2 Na2s2o3 ~ ROH + R'OH + 2 Nal + Na2s4 o6 
The percent of DCBP was calculated using the following formula: 
where 
Wt % = (A - B) N M/(20 x W) 
A volume of standard sodium thiosulfate solution used for 
the titration in mls 
B volume of standard sodium thiosulfate solution used for 
the blank in mls 
W weight of sample, gm 
N normality of sodium thiosulfate 
M molecular wieght of DCBP 
2. Determination of Silica Filler Content 
A known weight (W) of MDX-4-4515 was placed in 150 ml of 2:1 (V/V) 
mixture of chloroform-methanol and allowed to reflux for 48 hours. The 
2:1 (V/V) mixture of chloroform-methanol hereafter is referred to as 
mixed solvent. The mixture was filtered through 0.45 ~Teflon fil-
ter under 90 psig pressure. After the first few drops, the filtrates 
were clear. The precipitate was collected and dried under vacuum. 
The precipitate weight was recorded (Wl) and subjected to thermogravi-
metric analysis (TG) using a Mettler Thermoanalyzer. A 1°C/min 
10 
heating rate was chosen so the evolution of polymer decomposition pro-
ducts could be controlled. A rapid decomposition rate can result in 
loss of some of the finely divided silica. All analyses were performed 
using an 8 mm platinum crucible. Flowing air (5.7 1/hr.) was used for 
the TG analyses. After reaching 600°C the chamber was maintained at 
that temperature for 48 hours to insure complete decomposition of the 
polymer. The final weight of residue after the TG analyses then was 
recorded (W2). The following reaction scheme for the oxidation of 
poly(dimethylsiloxane) was assumed: 
The weight loss during the TG analyses corresponds to the weight dif-
ference converting the poly(dimethylsiloxane) to Si02 . Therefore the 
amount of polymer (C) presented in the precipitate can be calculatedas: 
c = (Wl - W2) X 74/14 
The percent of silica filler can then be calculated as % of silica 
filler = (Wl - C)/W x 100%. 
3. Infrared Spectrum 
One half gram of MDX-4-4515 (gum) was mixed with 100 ml of toluene 
33 (reported to be good solvent ) for 16 hours. The MDX-4-4515 was only 
partially dissolved; fifty four percent remained in the swollen state. 
The observation of swollen MDX-4-4515 in the toluene indicated that 
the 11DX-4-4515 might be partially crosslinked. The toluene mixture 
was filtered through a 0.45 ~m Teflon filter under 90 psig pressure 
and a film from the filtrate was cast on a sodium chloride plate. The 
11 
infrared spectrum of the film was made on a Beckmann Infrared Spectra-
photometer Model IR-12. By using different thickness of poly(dimethyl-
siloxane) on the sodium plate, various portions of the spectrum were 
produced in greater detail. 
4. Apparent Molecular Weight Determinations 
Part of the polymer from the above filtrate was dissolved in tolu-
ene. Intrinsic viscosity measurements were made using a number 50 Cannon-
Ubbelohde Viscometer at 25 + 0.02°C. Efflux times were measured to the 
nearest 0.1 second with an electric timer. Efflux times were above 150 
seconds. Therefore, the kinetic energy correction was omitted. 
Molecular weight distributions were also determined by means of 
gel permeation chromatography (GPC) using a Waters Ana-Prep Gel Permea-
tion Chromatograph fitted with columns packed with Styragel (2xl500, 
0 
370,240,125 A). Calibration curves were constructed by plotting the 
peak molecular weight versus elution volume. Samples containing ap-
proximately 0.025 gm polymer/10 ml tetrahydrofuran (THF) were used for 
all the samples. 
B. Characterization of Silicone Rubber 
1. Molding and Post Cure of Silicone Rubber 
The silicone rubber used in these studies was either MDX-4-4515 
or MDX-4-4524 manufactured by Dow Corning. The material was compres-
sion molded for 5 minutes at 250°F under pressure, 2000 psig for spheres 
and 1000 psig for slabs. The molding was performed by Edwards Labora-
tories, Santa Ana, California. The sheets were 15 em x 15 em x 0.2 em 
and balls were 1.5 em diameter. The samples were subjected to various 
cure conditions listed in Table II and III. 
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Table II 
The Post Cure Conditions 
Post Cure Temperature 
Designation Time OF oc 
Long 4 hours 275 135 
+ 16 hours 325 163 
+ 22 hours 400 204 
+ 20 hours 480 249 
Intermediate 2 hours 275 135 
+ 3 hours 325 163 
+ 5 hours 400 204 
+ 16 hours 480 249 
Short 8 hours 250 121 
+ 8 hours 300 149 
+ 8 hours 350 177 
Table III 
Various Post Cure Conditions 


































Other translucent silicone rubbers containing various amounts of 
DCBP were cured at 250°F under 1000 psi for 5 minutes. These samples 
contained 0.25%, 0.5%, 1%, and 3% of DCBP, respectively. 
2. Scanning Electron Microscopy 
The silicone rubber samples were mounted on copper discs prior to 
gold vacuum metalization. The metallized samples were examined utiliz-
ing a JEOLCO JSM-2 scanning electron microscope. 
3. Crosslinkage Determination 
a. Swelling Testing. Samples measuring 3 em x 4 em x 0.2 
em were immersed in excess toluene in a constant temperature bath at 
23°C + 0.1°C. After a predetermined period of time the samples were 
removed, the surface solvent was blotted with Kimwipes, and the sample 
weighed in a stoppered bottle. Weight of the sample was recorded at 
15, 30 and 45 seconds after removal of the sample from the solvent. 
The swollen weight was determined by linear extrapolation to zero time. 
The above procedures were repeated until the equilibrium swollen state 
was attained, usually 7 days. Finally, the solvent was removed from 
the samples under vacuum and the weight of sample recorded as the dried 
rubber weight32 The amount of absorbed solvent was taken to be the 
difference between the swollen weight and the dried weight of the 
sample. 
b. Mechanical Testing. All mechanical tests were carried 
out using an Instron Mechanical Tester on standard ASTM "dogbanes". 
The crosshead speed was 5 em/min and the gauge length was 2.2 em cut 
from slabs. At least five runs were made for each sample in order to 
treat the data statistically. 
C. Mass Transfer Studies 
1. Bulk Method 
15 
Short post cured silicone rubber samples of MDX-4-4515 (5 em x 5 
em x 0.2 em), which had undergone the FeC1 3 (ferric chloride) treatment, 
which will be described in section E-2, were kept in a dry-type bacteri-
ological incubator under an argon blanket at 50+2°C for several hours 
in order to reach the oven temperature. The technical grade linolenic 
acid (Eastman T 12596) was placed in a glass vessel under an argon 
blanket and immersed in a constant temperature bath maintained at 
50+0.5°C. The technical grade linolenic acid hereafte r is referred to 
as linolenic acid. At the zero time the sample was immersed in lino-
lenic acid. After a predetermined period of time the sample was quick-
ly removed from the linolenic acid, blotted to remove the surface acid, 
and weighed. The "down time" to perform the above procedure was usu-
ally 40 seconds. The time during which the sample was immersed in 
linolenic acid was calculated by subtraction of the "down time" from 
the total time. The amount of weight gain of the sample was calculated 
as the difference between that of the sample at a given time and zero 
time. 
2. Sample Sectioning Method 
The procedure is the same as for the Bulk Method except the sample 
at a given time was sectioned with a microtome . The amount of fatty 
acid in each slice was determined by the procedure described in section 
b. 
a. Sample Sectioning. An American Optical Model 860 Sliding 
Microtome was us e d for sectioning the samples. Samples measuring 2 em 
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x 2 em x 0.2 em were partially embedded in a room-temperature epoxy 
resin system and secured to the metal sample holder by the following 
procedure: First the metal sample holder was heated by a heat gun. 
The two components of Epoxi-Patch 309 were mixed and applied on the 
sample holder and the sample was pressed into the epoxy which cured 
within 30 seconds. The sample holder was mounted on a microposition 
device. The above procedures usually took about 5 minutes. Usually 
eight sections, about 100 ~ in thickness each, set by the microtome, 
were sectioned from each sample. Usually four minutes were required 
to cut the 8 sections. Each section was then cut by a round dye to 
give sections of equal area. Each section was extracted with 5 ml of 
mixed solvent for 24 hours under a nitrogen blanket. In order to con-
firm the reproducibility of the method a similar sample of the silicone 
rubber (100 ~ thickness) was tared and immersed in linolenic acid at 
50+o.5°C under an argon blanket. The weight gain of the silicone rub-
ber slice was recorded. The linolenic acid was then extracted and 
quantatively determined by GC (gas chromatography) described in the 
next section. It was found that the results from GC agreed with the 
weight gain results within 3%. After the extraction the solvent was 
removed from the silicone rubber slices under vacuum. The weight of 
the section, after extraction, was determined on a Gram microbalance 
(accuracy± 0.006 mg). The material extracted from the section was 
saved for GC analysis. The thickness of the section was checked by 
the weights and the microtome setting . The thickness of the section 
was calculated gravimetrically by dividing the weight of the slice by 
the density and by the area of the rubber slice. These results agreed 
within 3%. 
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b. Gas Chromatography (GC). (i) Preparation of the Methyl 
Esters of Fatty Acids. 34 • 35 • 3 6 The extracted fatty acids were dis-
solved in chloroform and dried in a culture tube under a stream of dry 
nitrogen. A one ml aliquot of boron trifluoride (BF3 ) reagent (125 
grams of BF3 in one liter of methanol) was added and the tube sealed 
with a Teflon lined screw cap. The tube was placed in boiling water 
for 3 minutes, removed and allowed to cool. An internal standard solu -
tion was prepared by dissolving 39.9 mg of Docosanoate methyl ester 
(Analabs Inc. 99% mole purity) in 50 ml chloroform. A one ml aliquot 
of the internal standard was added to the culture tube. One ml of dis -
tilled water was added, the tube shaken and the chloroform layer allow-
ed to settle. The water was removed with a pipet and the washing pro-
cedure repeated. The methyl esters of the fatty acids were contained 
in the chloroform layer. 
(ii) Construction of the Standard Curve. Known weights of lino-
lenic acid (0.915, 0.743, 0.610, 305 mg/ml) were methylated as de-
scribed above. A 3.5 ~ml aliquot of methyl ester in chloroform was in-
jected into the GC (Bendix Series 2500) utilizing a flame ionization 
detector. A "u" tube glass column 1. 5 m x 4 mm ID packed with 7. 5% 
diethylene glycol succinate (DEGS) on 80/100 mesh Supelcoport was used 
for the separation. 
The column oven was operated isothermally at 190°C. Nitrogen was 
used as the carrier gas at a flow rate of 50 ml/min. The peak areas 
of the linolenate methyl ester and the docosanoate methyl ester were 
determined. A standard curve was constructed by plotting the weight 
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of technical grade linolenic acid versus the peak area ratio of the 
linolenate methyl ester and the docosanoate methyl ester. Fatty acid 
esters obtained from Applied Science Laboratories were used as Standards. 
The technical grade linolenic acid used in this work consisted of c 16 , 
cl8' cl8:1' cl8:2' cl8:3 (the second number indicates the degree of un-
saturation) fatty acid as shown in Figure 1. Linolenate methyl ester 
(Analabs Inc. 99% mole purity) was dissolved in chloroform using doco-
sanoate methyl ester as an internal standard. A standard curve was 
constructed by plotting the weight of linolenate methyl ester versus 
the area ratio of the linolenate methyl ester and the docosanoate methyl 
ester. From this standard curve, the amount of linolenic acid in the 
technical grade linolenic acid was determined. The amount of c 16 , c 18 , 
cl8:1' cl8:2' fatty acid in the technical grade linolenic acid was also 
determined by the ratio of area of the various fatty acids to that of 
the linolenic acid. The corresponding factor was also introduced to 
compensate for the detector's different response to various fatty acids. 
1 · f"· v·" d"· v·t "L .. d D. Ana ys1s o 1n 1vo an 1n 1 ro 1p1 s 
1. "In Vivo" Lipids 
The "in vivo" lipids were supplied by Edwards Laboratories, Santa 
Ana, California. The lipids were collected according to the following 
procedure: Six silicone rubber balls recovered from surgery were ex-
tracted with chloroform-methanol (2:1) V/V, by allowing them to stand 
overnight protected from air and light, with ten times their volume 
of solvent. The procedure was repeated 3 times, and the extracts of 











INJECT 2 3 4 5 
TIME (MINUTES) 
Figure 1 . Gas Chromatograph of Technical Grade Linolenic Acid 
• 
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2. Column Chromatography 
The pooled chloroform-methanol extracts were mixed with twenty 
grams of silicic acid (Bio-Rad Bio-Sil A-200 325 mesh) and the solvents 
were removed under vacuum. The lipid coated silicic acid was then 
transferred to an 18 x 300 mm column containing Bio-Sil A in hexane, 
filled to a depth of approximately 100 mm. The column was eluted with 
200 - 300 ml of hexane and the eluate concentrated under vacuum. The 
column was next eluted with 100 ml chloroform and then with 100 ml 
methanol. The hexane, chloroform and methanol portions were designated 
as sample CM-63, CM-64, and CM-65 respectively. The samples then were 
dried under vacuum, sealed under nitrogen and used for subsequent tests. 
The samples were subjected to the following analyses. 
3. Infrared Spectroscopy 
Infrared spectra were obtained over the wave number range of 700 
-1 -1 
em to 4000 em using a Beckman model IR 12 Infrared Spectrophoto-
meter. 
4. Elemental Analysis 
A Perkin-Elmer Model 240 Elemental Analyzer was utilized to deter-
mine the N, c, H, 0 contents in the lipids. Acetanilide (BDH Chemicals, 
Poole, England) was used as an analytical standard. 
5. Quantitative Determination Products of Autoxidation-Peroxides 
A modified Wheeler method was used to determine the peroxide con-
62,65 tent of the extracts. The extract was transferred to a tared ves-
sel and taken to constant weight under vacuum. The weight difference 
before and after solvent evaporation was considered the weight of the 
lipid. Twenty ml of acetic acid-chloroform solution (3:2) were intro-
duced into the vessel. The vessel was then purged with argon gas and 
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sealed with a teflon lined screw cap to exclude air. Two ml of a 
freshly prepared 50% solution of potassium iodide was added and the 
flask was quickly purged with argon. The vessel was set in a constant 
0 
temperature bath at 35 C. After fifteen minutes, 50 ml of water were 
added, and the liberated iodine was immediately titrated with O.OlN 
sodium thiosulfate until the yellow color disappeared. The titration 
was performed using a micro-buret which could be read with an accuracy 
of 0.02 ml. Under these conditions, theliberated iodine reached a max-
imum concentration in less than 15 minutes, and thereafter remained 
constant. 
6. Thin Layer Chromatography (TLC) 
For thin-layer chromatographic analysis, the extracts were spotted 
on Merck Silica Gel plates (5 x 20 em). The plates were developed in 
hexane/chloroform (25:75) and then in chloroform/methanol (95:5). The 
. ~~8 
spots were detected with r 2 vapors and then by sulfuric acid charrlng. 
7. Gas Chromatography (GC) 
The GC analysis of CM-63, CM-64 and CM-65 was the same as described 
previously except for temperature programming after injection of the 
sample. 
0 An initial temperature of 70 C was held for 0.4 minutes, the 
temperature was programmed at 8°C/min to a final temperature of 180°C 
which was held for ten minutes. 
8. 'In Vitro' Samples 
The 'in vitro' samples were extracted by the same procedure as 
described. The infrared spectra were obtained on the extract before 
being subjected to the column chromatography because of the limited 
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amount of sample. The modified column chromatography procedure was 
similar to the procedure described above except that after the hexane 
elution, a CHC13 :MeOH (2:1) V/V mixture was used as the elution sol-
vents. The eluate was collected for elemental analysis and peroxide 
determination. 
E. 'In Vitro' Testing 
1. Emulsion Tests 
a. Emulsion Preparation. An emulsion of linolenic acid was 
prepared in a Waring blender by adding 4 gm of linolenic acid to 96 
ml of distilled water. One drop of 10 to 15% NaOH aqueous solution 
was added (as an emulsifier) and the mixture mixed in the blender for 
one minute. This emulsion was then used for the following study. 
b. Emulsion Lipid Uptake Tests with Oxygen. Silicone rubber 
sample (3 em x 2 em x 0.2 em) were immersed in the emulsion at 50°C + 
1°C with oxygen bubbling through the liquid. 
The gas was saturated with water by bubbling through a gas washing 
bottle prior to bubbling into the emulsion. The emulsion was changed 
twice a week. Every week the samples were removed and any adherent 
emulsion was removed from the surface by wiping. The samples were then 
allowed to stand at room temperature for two hours prior to weighing. 
After weighing, the samples were under vacuum for 2 hours, then re-
weighed. No significant weight change was found. Therefore the vacuum 
step was discontinued for later work. Beginning at 7 weeks the samples, 
after a week of immersion in the emulsion, were exposed in air for one 
day at 50°C. The test lasted for 12 weeks. Specific samples were ex-
tracted with excess mixed solvent twice and extracts saved for analysis. 
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c. Emulsion Lipid Uptake Tests with Air. The procedure was 
the same as above except that air was used instead of oxygen. 
d. Emulsion Lipid Uptake Tests with Argon. The procedure 
was the same as above except that argon was used instead of air. Be-
ginning at 5 weeks, the samples, after a weeks immersion in the emul-
sion, were exposed in air for one day at 50°C. Beginning at 10 weeks 
the samples, after a weeks immersion in the emulsion, were exposed in 
air for two days at 50°C. 
e. Emulsion Lipid Uptake Test with Nitrogen. The procedure 
was the same except nitrogen gas was used instead of argon gas. 
2. Ferric Ion Acceleration 'In Vitro' Testing 
a. Ferric Chloride (Feel3) Treatment. The silicone rubber 
was prepared as described in Section B. One sample was immersed in 
0.1% Fec1 3 in diethyl ether solution for 16 hours under a nitrogen 
blanket. A similar sample was immersed in diethyl ether. After 16 
hrs. the samples were removed from the medium and vacuum dried. The 
percentage of extractable material was calculated by the weights of 
sample which was immersed in diethyl ether. The amount of FeC1 3 in 
silicone rubber was calculated gravimetrically. 
b. 'Day In - Day Out' Tests. The samples, after Fec1 3 
treatment, were immersed in linolenic acid at 50°C for 24 hours under 
an argon blanket, then exposed in air at 50°C for 24 hours. Each day 
the weights of the samples were recorded. The procedure was continued 
until the desired weight gain was obtained. The samples were then sec-
tioned using the procedures previously described in Section C- 2a. Each 
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section was extracted with 5 ml of mixed solvent for 24 hours under a 
nitrogen blanket. The extraction procedure was repeated twice. After 
extraction, the sample was removed from the solvent and the solvent 
was removed from the residue under vacuum. The weight of each section, 
before and after extraction, was determined. The difference in weight 
of the section before and after extraction was taken as the weight of 
extractable material. In order to find the weight of extractable sili-
cone rubber, the extracted materials were dried in a TG crucible of 
known weight under vacuum. The weight of extractable material (WE) 
was recorded. The extractable material then was subjected to TG analy-
sis under experimental conditions similar to those described in section 
A-2. The residue weight in the crucible was recorded as WR. WR was 
considered to be the weight of the residue from the decomposition of 
silicone rubber, i.e. Si02 . Therefore, the amount of the extracted 
silicone rubber (A) was calculated as: 
A WR x 74 w 
It was found that there was 1.8% of the extractable silicone rubber in 
the extractable materials. The weight difference between the extract-
able material and the extractable silicone rubber was taken as the 
weight of extractable lipids. 
c. 'Continuous' Test. Linolenic acid (34.9 g) was placed 
in a 25 mrn test tube at 50°C with oxygen (flow rate 10 ml/min) bubbling 
through the linolenic acid for 24 hours. This linolenic acid was 
labeled as oxidized linolenic acid and stored in a freezer under an 
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argon blanket for further usage. Comparison of the relative viscosity 
of the oxidized linolenic acid to that of the linolenic acid was made 
using a number 300 Cannon-Ubbelohde viscometer at 50°C. The peroxide 
content of the oxidized linolenic acid was also determined by the 
procedure described in section D-5. Fec13 treated short post cure 
translucent silicone rubber was immersed in the oxidized linolenic 
acid under an argon blanket at 50°C. The weight of the sample was 
recorded daily and the oxidation linolenic acid was changed daily. At 
a predetermined time the test was stopped. The samples were extracted 
with mixed solvent and the extract saved for further analysis. 
F. Dynamics Mechanical Properties Study 
The viscoelastic properties of a series of the silicone polymer 
were studied using a direct-reading dynamic viscoelastometer, the 
Rheovibron Model DDV II (Imass Co. Accord., Mass.) with a temperature 
chamber for temperature range -150°C to 300°C, using liquid nitrogen 
as a coolant. Usually, the samples were cooled to liquid nitrogen 
0 
temperature, then heated at , the rate of 1 C per minute. A sinusoidal 
strain of fixed frequency was applied to one end of a small sample 
held in tension and the response or stress was measured at the other 
end by a transducer. 
All the viscoelastical measurements were performed at 11 Hz. The 
stress has two components, one in phase and the other one 90° out of 
phase with the strain. The dissipation factor (tan o) was measured 
directly. The viscoelastic behavior of polymer can be measured by 
6 2 
Rheovibron if the moduli is in excess of 10 dyne/em and tan o is in 
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the range of D.OOl- 1.7. The samples were all short post cured 
MDX-4-4524 and subjected to Fec13 treatment. Sample dimensions were 
3 
usually 5 x 0.5 x 0.05 em and measured with a micrometer to + 0.0005 
em. The various lipid uptakes of the samples were obtained following 
the 'Day in - Day out' 'in vitro' test. 
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RESULTS AND DISCUSSION 
Some of the preliminary 'in vitro' results using silicone rubber 
balls and a pseudo-plasma medium are presented in Appendix A. 
A. Characterization of 'Uncured Silicone Polymer' (Gum) 
1. Crosslinking Agent Concentration Determination 
It was found that the 'gum' consisted of 0.52% (weight percent) 
of DCBP. This value is very close to the manufacturer's suggested 
value of 0.54%. 40 
2. Determination of Silica Filler Content 
The recoverable silica filler was found to constitute about 21 
weight percent of the 'gum' compared to the manufacturer's suggested 
40 
value of 30 percent. It has been reported the silica filler has a 
43 particle size of 0.03 ~m. Due to the fine silica filler particle 
size some of the fillers may be lost during the filtration process which 
contributes the low experimental results (21%) compared to the manu-
facturer's suggested value of 30%. 
3. Infrared Spectrum (IR) 
The infrared spectrum of 'gum' exhibited absorption peaks gener-
ally characteristic of a poly(dimethyl siloxane). These spectra agree 
41 42 
with previously reported results. ' The detailed infrared spectra 
and the assignments are shown in Figure 2. According to the manufac-
turer43 the gum is primarily poly(dimethyl siloxane) with about 0.14 
mole percent methyl vinyl siloxy units copolymerized with it. Our 
spectra confirm the existence of vinyl groups. The copolymer is used 























a rubber with acceptable properties. MDX-4-4524 (opaque sample) is 
the same as the MDX-4-4515 (translucent sample) except that it con-
tains 2% barium sulfate according to the manufacturer's literature. 40 
4. Apparent Moleaular Weight Determination 
The intrinsic viscosity C[n]) of poly(dimethyl siloxane) in tolu-
ene was found to be 0.93 dl/gm. The apparent molecular weight of 
5 poly(dimethyl siloxane) was determined as 3.6 x 10 based upon the 
Mark-Houwink relationship [n] = 2.0 x 10-4 x M0 • 66 . 44 However, the 
GPC results show the molecular weight near 1000 with a narrow distri-
bution (M /M = 1.4). The results are obviously not in agreement. It 
w n 
has been reported the silica filler has a particle size 0.3 ~m. 43 Due 
to the fine silica filler in the filtrate, the intrinsic viscosity 
measurement gave false results. Therefore the dissolved portion of 
MDX-4-4515 in toluene are low molecular weight (Mw ~ 1000) poly(di-
methyl siloxane) fractions. Since only a small part of MDX-4-4515 dis-
solves in the toluene, the real polymer molecular weight determination 
can not be accomplished. The intrinsic viscosity measurements are not 
meaningful, however, the GPC measurements reflect only the molecular 
weight of the small soluble fraction. 
B. Characterization of Silicone Rubber 
1. Scanning Electron Microscopy 
Scanning electron microscopy (SEM) provided a technique by which 
the surface condition of cured silicone rubbers could be studied. Fig-
ure 3 is micrographs of commercially prepared balls selected at random 




Figure 3. Scanning Electron Micrograph of Commercial Opaque 
Silicone Rubber Ball (3000X) 
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No Post Cure Opaque 
No Post Cure Translucent 
Figure 4. Scanning Electron Micrograph of No Post Cure Silicone Cure 
Silicone Rubber Slab (3000X) 
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Short Cycle Opaque Short Cycle Translucent 
Intermediate Cycle Opaque Intermediate Cycle Translucent 
Figure 5. Scanning Electron Micrograph of Post Cure Silicone Rubber 
Slab (Long, Intermediate, Short Post Cure) (3000X) 
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Long Cycle Opaque 
Long Cycle Translucent 
Figure 5. continued 
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l50°C Opaque l50°C Translucent 
200°C Opaque 200°C Translucent 
Figure 6. Scanning Electron Micrograph of Silicone Rubber Slab Sub-
jected to Various Post Cure Conditions (3000X) 
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246°C Translucent 
270°C Opaque 270°C Translucent 
Figure 6. continued 
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environments, Figure 4 shows micrographs of the interiors of slabs 
which were cured but not post cured. Figure 5 shows micrographs of 
slabs which were subjected to short, intermediate, and long post cures 
(previously described). As shown in Figure 3 fissures and microcracks 
are evident. Examination of Figure 4 shows that some fissures are al-
ready evident in this set of non-post cured samples. Figure 5 also 
shows fissuring of the type seen in numerous balls. Figure 6 shows 
fissuring in various post cure silicone rubber. Therefore, fissuring 
in the silicone rubber existed before any post cure cycles. Our tests 
indicate that fissuring is inherent in the polymer system. One postu-
lation as to the cause of fissuring is the catalyst. The 2,4-dichloro-
benzoyl peroxide has a half life of about 0.5 to 0.6 minutes at a cure 
0 temperature of 135 C. The fissuring observed could well be due to the 
liberation of carbon dioxide gas as the result of catalyst decomposi-
tion. It was noted that other types of silicone polymer (RTV's) cured 
with stannous octoate (short cure time at room temperature) did not 
d f . i 45 pro uce 1ssur ng. 
2. Crosslinkage Determination 
The principle mechanism by which crosslinkage takes place is via 
a free radical reaction. When the gum is heated at 130°C for 5 min-




c- o- 0 c 
I OCl 0 Cl b. 20 Cl > + 2 co2 t 
Cl Cl Cl 
(I) 
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The dichlorophenyl free-radical can then exert its effect in several 
ways. 
It can add onto the vinyl group on the polymer chain: 
{- !:3_ 0~ 





The dichlorophenyl group can be removed from the polymer chain: 
(III) 
The free radical (II) can extract a methyl group on a neighboring 
polymer chain: 
-+ (IV) 
Combination of the free radical (III) (IV) or (III) (III), (IV) (IV) 
can lead to the formation of crosslinks. 
It is believed that combination of the free radicals (IV) and 
(III) to form a propyl crosslink is the principle crosslinkage reaction~ 3 
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Up to 400 ppm (0.4%) of 2,4-dichlorobenzoic acid was found for short 
post cured silicone rubber balls. 40 Therefore part of DCBP may decom-
pose forming 
0 
free radicals by the following reaction: 
It 
c-o-o 






Cl Cl Cl 
a. Swelling Work. The thermodynamic aspects of the swelling 
of crosslinked polymers are described by Flory and Rehner. 64 A deri-
vation is presented in Appendix B which is based upon equating the 
free energy change produced by mixing the polymer with a solvent to 
the free energy change necessary to extend the polymer crosslinkage. 
The relationship46 ,47,~4 is 
- [ln(l - ~) + ~ +X ~2 ] 1/3 2Vl N(~ - ~/2) 
where v1 : molar volume of solvent (107 cm3/mole for toluene) 
w 
X 
volume fraction of rubber at the swollen state 
density of rubber = 1.160 g/cm3 (measured) 
density of toluene = 0.867 g/cm3 
gram of toluene sorbed per gram of rubber 
the polymer-solvent interaction parameter which character-
izes the interaction energy per mole of solvent divided 
by RT for a specific polymer solvent pair. 
The value of X is taken as 0.458 for toluene-silicone rubber pair at 
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b. Mechanical Testing. The crosslinkage of silicone rubber 
also can be determined by the following equation, based upon the theory 
of rubber elasticity, which relates stress with temperature and elonga-
tion. 
2 ~ 2R T N v2 (a - 1/a ) 
where cr 2 the tensile stress in dyne/em 
T temperature in °K 
N mole of effective crosslinking per unit volume 
a L/L 
0 
L the extended length of the sample having initial length L 
0 
v2 volume fraction of the polymer in polymer-filler system 
In the poly(dimethyl siloxane) (70% wt) and silica (30% wt) system 
used in this study, v2 was calculated to be 0.845. The calculations 
were based upon a density for silica of 2.28 g/cm3 and a density for 
3 46 
the polymer of 0.978 g/cm . The calculation was done at a = 1.45 . 
The derivation of the above equation is in Appendix C. The detailed 
calculation of the degree of crosslinking based upon stress data or 
swollen data is presented in Appendices D and E. Table IV lists the 
calculated results of effective moles of crosslink per cm3 of polymer 
from the swelling and mechanical tests. 
From Table IV it was concluded that all post cure cycles except 
the 270° post cure did not significantly change the degree of cross-
linkage. Figures 7 and 8 show the percent weight losses during the 
various post cure treatments for MDX-4-4515 and MDX-4-4524. No attempt 
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TABLE IV 
The Effect Crosslinkage of the Silicone Rubber 
With Different Post Cure Conditions 
Translucent Opaque 
N X 104 3 (mole/em ) N X 104 3 (mole/em ) 
Degree of Post Swelling Mechanical Swelling Mechanical 
Cure Data Data Data Data 
150°C 2 hrs 1.46 1.64 1. 67 1.64 
150°C 4 hrs 1.51 1.64 1. 66 1.64 
150°C 8 hrs 1.51 1.69 1.66 1.69 
150°C 24 hrs 1.52 1.64 1.67 1.64 
200°C 2 hrs 1.46 1.64 1. 70 1.89 
200°C 4 hrs 1.47 1.69 1.72 1.82 
200°C 8 hrs 1.48 1. 74 1. 72 1.82 
200°C 24 hrs 1.43 1.69 1. 78 1.80 
250°C 2 hrs 1.43 1.43 1.69 1. 74 
250°C 4 hrs 1.40 1.45 1.61 1.69 
250°C 24 hrs 1. 65 2.18 1.56 1.69 
270°C 2 hr s 1. 36 1.56 
270°C 4 hrs 1. 33 1.51 
270°C 8 hrs 2.24 1.25 
270°C 24 hrs 9.49 2.69 
No 1.50 1. 30 1.48 1.40 
1.28 1.30 1.24 1.45 Short 
Intermediate 1.25 1.32 1.33 1.50 
1.30 1.52 1.45 1.52 Long post cure 
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was made to trap and identify the products of decomposition. As shown 
in Figure 7 the percent weight loss during post cure at given time in-
creases as the temperature increases. 0 0 0 For the 150 , 200 , and 246 C 
post cure procedures the percent weight loss reached an asymptote after 
the samples were subjected to post cure conditions for four hours. For 
0 
the 270 C post cure procedure the percent weight loss of the sample was 
almost a linear function with respect to time after the samples were 
subjected to the post cure procedure for four hours. These data show 
that the polymer is degraded during post cure. The results of mechani-
cal testing are shown in Figures 9, 10, 11, 12, 13, 14, 15, and 16. 
As shown in Figure 9 and Figure 11 the tensile strength decreased sig-
0 
nificantly for samples post cured at 270 C for a 24 hour post cure 
period. 
This finding agrees with the weight loss results in Figure 7, 
which shows the silicone rubber degraded at 270°C. It is also shown 
in Figure 9 and Figure 11 that the tensile strength decreases slightly 
0 0 0 for the samples post cured at 150 C, 200 C, and 246 C for 24 hours. 
As shown in Figure 10 and Figure 12 the percent elongation at 
break decreases significantly for samples post cured at 270°C for a 
24 hour period. A closer look at these results also indicates that 
the silicone rubber should be post cured at temperatures less than 
246°C since some degradation occurs at this temperature. 
As shown in Figure 15 the tensile strength did not change signifi-
cantly for samples which had undergone short, intermediate, and long 
post cure cycles. Figure 16 shows that the percent elongation at 
break decreases slightly. These results show that the mechancial 
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properties resulting from the various post cures (except 270°c) do 
not change significantly , These findings agree with the results of 
the degree of crosslinking calculations and the weight loss results. 
The results of crossfinkage of the silicone rubber with different 
amounts of DCBP with no- and short-post cure are shown in Figures 17 
and 18. As the weight percent of DCBP increased (Figure 17) the cross-
link density also increased and leveled off at 3% of DCBP with 1.8 x 
10-4 moles of effective crosslinks per cm3 of rubber in the instance 
where no post cure was affected. 48 Thomas studied the crosslinking 
of methyl-vinyl silicones with heated organic peroxides and also obser-
ved that the crosslink density rose with increasing peroxide concentra-
tion and reached a maximum, the value of which was determined by the 
vinyl content of the polymer. As shown in Figure 18 the number of croffi-
links at given concentration of DCBP does not differ significantly be-
tween the no post cure and the short post cure samples. Figure 19 
shows the relationship between the tensile strength and the degree of 
crosslinkage. Figure 20 shows the relationship between the elongation 
at break and the degree of crosslinkage. It has been reported that the 
increased crosslinking tends to decrease the elongation at break . It 
was also reported that tensile strength increases initially with in-
creasing crosslinkage, but goes through a maximum and decreases at 
. 50,51 
very high degrees of crossl1nkage. As shown in the Figure 19 the 
tensile strength gradually increases as the degree of crosslinkage in-
creases. However, definite conclusions can not be drawn because of the 
43 
scattering in the data. Also a maximum tensile strength is not obser-
ved for a given crosslinkage density, nor a decrease of strength for 
further increasing crosslinkage density. There may not have been a 
sufficient degree of crosslinkage in the rubber system in this study 
to observe the maximum. In Figure 20 it is seen that the elongation 
at break decreases as the degree of crosslinkage increases, which is 
. d . h li 49 h 48 . d. d h f h 1n goo agreement w1t terature. T omas 1n 1cate t at or t e 
crosslinking of methyl-vinyl silicones by a peroxide and heat that 
the value of maximum crosslinking was determined by the vinyl content 
of polymer. For the present system there was 0.14 mole percent of 
vinyl siloxy units in the system. The maximum crosslinkage of this 
system is limited to the value of 1.8 x 10-4 mole of effective cross-
3 links per em of rubber. 
Within the detection limits of these tests, the post cure proce-
dure does not appear to enhance mechanical properties of silicone 
rubber. If higher crosslinkage of the silicone rubber over the pre-
sent system is desired, it is necessary to increase the amount of vinyl 
unit in the system instead of trying different post cure procedures. 
C. Mass Transfer Studies 
1. An'alysis of the Technical Grade Linolenic Acid 
According to the results of GC analyses the techni;cal grade lino-
lenic acid (Eastman T 12596) used in this work consisted of c16 (7%), 
c18 (3%), c18 :l (19%), c18 : 2 (16%), c18 :J (55%). The acid was perox-
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Figure 9. Tensile Strength vs. Time at Different Post Cure 
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Figure 10. Elongation vs. Time at Different Post Cure 
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Figure 11. Tensile Strength vs. Time at Different Post Cure 
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Figure 12. Elongation vs. Time at Different Post Cure 
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Figure 17. Crosslink Density vs. the Amount of Crosslinking Agent (DCBP) in the Silicone 
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Figure 18. Crosslink Density vs. the Amount of Crosslinking Agent (DCBP) in the Translucent 
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2. Bulk Method 
If a slab o:t; thickness l is inun.ersed in a )l\edi.um and the medium 
concentration adjacent to the surface is kept constant, the total 
amount of diffusant~ M;t~ taken up by the slab in a given time, t, is 
given by the equation. 52 








( -D(2n+l) 'TT t) (2n+l)rrx exp ..e_2 Cos ..e_ (2) 
The uptake is considered to be a pure diffusion process controlled by 
a constant molecular diffusion coefficient, D, where M00 is the amount 
of diffusant taken up by the slab at infinite time. If the initial 
2 1/2 
gradient of the graph Mt/M00 as a function of (t/l ) is S, then 
The coefficient, D, can be calculated from Equation (3). 
D = (S/4) 2 TI 
Another equation describing sorption is 
00 
M; /M = 1 - 82 ~ t ()() 
'TT n=o 
2 
The value t/l for which Mt/Moo 
2 (t/l )1/2. 
D = 
1/2 is conveniently written as 
0.04919 






When equations (3) and (6) were applied to the experimental results of 
the FeC1 3 - treated short post cure translucent sample, D values of 
3.27 x 10-3 cm2 /min and 3.29 x 10-3 cm2/min respectively were obtained. 
However, when one sample was run without Fec1 3 the result was the same. 
It was determined that the short post cure translucent sample contained 
0.03% of FeC1 3 as the result of the Fec1 3 treatment. It was found that 
the silicone rubber has the ability to absorb 2.6 weight percent of 
linolenic acid at 50°C then the absorption levels off. A silicone 
rubber sample was immersed in linolenic acid under an argon blanket at 
50°C for four weeks. It was found that the percentage of linolenic 
acid uptake of the silicone rubber was the same after 1 day as after 4 
weeks. The same procedure was applied to the opaque sample. The value 
of D 3.5 x 10 - 3 cm2/min was calculated. As shown in Tables V and VI 
the mathematical model based on Equation (5) fits the experimental re-
sults well. In most cases the percent error was low. The maximum 
error was observed at a time removed only slightly from zero time. This 
finding is not surprising since Equation (5) is known to fit the experi-
mental data better for moderate and longer times 52 . From this study it 
was found that the diffusion of linolenic acid into silicone rubber was 
a pure diffusion process. 
3. Sample Sectioning Method 
The results of this study are discussed as follows: 
As shown in Table VII ratios of c 16 , c 1g, Cl8:1• Cl8:2• fatty acids 
to c fatty acid were the same in linolenic acid and linolenic acid 
18:3 
extracted from the microtomical sections. These findings imply that, 
within experimental error, the silicone rubber does not selectively 
absorb different fatty acids. 
TABLE V 













* experimental results 





































Mass Transfer Results of Short Post Cure Opaque Sample (FeC13 Treated) 
* ** Mt/M M/M Time (min) 
21.3 0.329 0.338 
52.8 0.535 0.511 
82.0 0.641 0.630 
448.0 1 0.99 
987 1 1 
* experimental results 
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Non-Selective Diffusion of Fatty Acids into Silicone Rubber 
extracted 
Area ratio 'linolenic acid' 'linolenic acid' 
cl6/cl8:3 0.12 0.12 
cl8/cl8:3 0.06 0.06 
cl8:1/cl8:3 0.35 0.34 
cl8:2/cl8:3 0.31 0.31 
A family of concentration profile curves (Figure 21) were con-
structed by plotting the concentration of linolenic acid versus the 
distance from the surface of the rubber. The A run on the opaque sam-
ple is the one in which the sample was cut with the microtome immedi-
ately after removal from the linolenic acid. The sample of run B was 
sliced 15 minutes later. The results from runs A and B are essentially 
the same. It can be seen in the 40 minute runs that opaque and trans-
lucent samples have the same concentration profile. These observations 
agree with the findings shown in Table IV and Table V which indicates 
both opaque and transparent sample have the same diffusion coefficient, 
i.e. 2% Baso4 in the polymer matrix does not change the diffusion co-
efficient significantly. A normalization concentration profile versus 
the normalized distance from the surface was also constructed, as 
shown in Figure 22. In this figure C is the saturation concentration 00 
of linolenic acid in this rubber system. The saturated concentration 








w..J S ~I 
z 
..J 


















40 Mf NUTE5-A 
40 MINUTES -8 
Figure 21. Concentration vs. Reduced Distance - the Unsteady State Diffusion of Linolenic Acid 
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line in Figure 22 was constructed based upon Equation (2) with dimen-
sionless time (T) as parameter which is defined as T = (l~~)~ 52 
D is taken as = 0.327 x lo-4 cm2/min andl is taken as 0.195 em. In 
Here 
this figure, it can be seen that the experimental results agree with 
the pure diffusion mathematical model. The silicone rubber absorbs 
2.6% of its weight of linolenic acid and then levels off at this value. 
This finding possibly explains why in the other 'in· vitro' inves-
tigation only about 2% of lipid uptake occurs. 28 The 2 percent lipid 
uptake of silicone rubber may possibly be the saturation concentration 
of fatty acid in the silicone rubber at their experimental temperature. 
Therefore, based upon the findings of this investigation, it is con-
eluded that the pure diffusion of fatty acid into silicone rubber can 
not account for the high lipid uptake (16% to 40%) observed in some in-
stances of silicone rubber balls from recovered heart valve prostheses. 
A separate study utilizing oxidized linolenic acid will be discussed 
in Section E. The results show that high lipid uptakes can be obtained 
when oxidized species are present in the silicone rubber. 
D. Analyses Results of Lipids Extracted from 'In Vivo' and 'In Vitro' 
Samples 
The analyses results of lipids extracted from 'in vivo' and vari-
ous 'in vitro' samples are discussed as follows. 
l. Infrared Spectroscopy 
The infrared spectra and the possible spectra assignments of CM-63, 
CM-64, and CM-65 (III-D-2) are shown in Figures 23, 24 and 25 respec-
tively. The spectrum of CM-63 exhibited absorption peaks generally 
66 
characteristic of a poly(dimethyl siloxane). These findings indicate 
that the hexane portion obtained from column chromatography contains 
extractable poly(dimethyl siloxane). The spectra of CM-64 and CM-65 
generally agree with published results of "polar lipids" from various 
balls. 29 Banks, et al. 5 3 used infrared spectroscopy to characterize 
highly purified crystallized hydroperoxides of methyl linoleate. It 
was reported that hydroperoxides exhibit a band with an absorption 
maxima at 3450 cm-1. The existence of peroxides in both CM-64 and 
CM-65 was confirmed analytically. Figure 26 shows the infrared spectra 
and possible band assignments of lipids extracted from 'day in - day 
out' tests which had 21% lipid uptake. Figure 27 shows the infrared 
spectra and the possible band assignments of lipids extracted from the 
'continuous' tests. The infrared spectra are similar to those of CM-64 
and CM-65. The infrared spectra of the extracted lipids from various 
emulsions (oxygen, air, nitrogen, argon) also are similar to those of 
CM-64, CM-65 and 'day in - day out' tests, therefore they are not 
shown here. 
2. Elemental Analysis 
Table XIII shows the elemental analysis results of linolenic acid, 
CM-64, CM-65, and the 'day in - day out' tests. As shown in this table 
linolenic acid has a 10.3% oxygen content. The lipids of the 'day in -
day out' tests, which are believed to be oxidation products of linolenic 
acid, contain 30.1% oxygen. The CM-64 and CM-65 samples contain 22.7% 
and 26.5% oxygen, respectively. CM-65, which is the methanol elution 
portion from the chromatography column, has a greater oxygen content 
than that of CM-64 which is the CHC1 3 elution portion from the chroma-
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Elemental Analyses Results for 'In Vivo' Lipids and 'In Vitro' Lipids 
Linolenic Acid 'Day in'Day out' Test * CM-63 CM-64 
77.8 60.9 41.4 68.2 
11.8 8.8 8.7 9.7 
0.0 0.0 0.0 0.0 
10.4 30.3 22.8 








3. Peroxide Contents 
The basic chemical reactions of the modified Wheeler's 62 method 
are outlined below: 
Step 1 - Liberation of free iodine 
ROOR' + 2I- (excess) + 2H+ + ROH + R'OH + I 2 
Step 2 - Titration of iodine by potassium thiosulfate 
I 2 + 2Na2s2o3 + Na2s4o6 + 2Nai 
Combining step one and step two we get: 
ROOR' + 2H+ + 2I- + 2Na2s2o3 + ROH + R,·OH 2 + Nai + Na2s4o6 
The amount of peroxide expressed as meq per gm of lipid of various 
'in vitro' tests and 1 in vivo' results are listed in Table IX. 
Examination of Table IX shows that the peroxide (either in the 
hydroperoxide or peroxide form) existed in both 'in vivo' lipids and 
the 'in vitro' lipid.s. These findings are consistent with the observa-
tion of the absorption peak of infrared spectra. 
4. TLC Results63 
The TLC results to date are preliminary results for future study. 
However, the CM-63 sample has been found to contain a silicone material, 
plus a minor constituent thought to be a cholesterol ester. The CM-64 
sample is thought to contain pure lipid classes, i.e., fatty acids, cho-
lesterol, triglycerides and a polar compound. The CM-65 sample contains 
the most polar compounds. Most of the material in CM-65 remained at the 
origin when the TLC plates were developed in the solvent system mentioned 
earlier. This material is thought to be the polymeric oxidation product 
of lipids. The TLC results of lipid extracted from 'day in -day out' 
test samples (21% weight gain) are similar to CM-65, as some of the 
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TABLE IX 
Amount of Peroxide in the Lipid 
Extracted Lipid From 
Emulsion tests 
(Oxygen) 












Long post cure 
translucent sample 
'Day in-Day out' test 
(20% weight gain) 
'Day in-Day out' test 
(14.3% weight gain) 
'Day in-Day out' test 
(8.9% weight gain) 
CM-64 
CM-65 
Oxidation linolenic acid 
'Continuous' test 
Amount of Peroxide in the Lipid 













material remained at the origin when the TLC plates were developed in 
the solvent system mentioned earlier. These compounds are thought to 
be the polymeric oxidation product of lipids.40 
5. GC Results 
The results of GC analyses of CM-63, CM - 64, CM-65 and the lipids 
extracted from the 'day in - day out' test samples are shown in Table 
X. The value in Table X reflects the relative peak height of individual 
peaks. It is interesting to note that chromatograms of lipids extracted 
from the 'day in - day out' test samples show some peaks which do not 
exist in chromatograms of the technical grade linolenic acid. It has 
been reported that BF3 -methanol esterification procedure produces 
peaks64 which could be the result of the cleavage of ester bonds. As 
mentioned in section C, in technical grade linolenic acid, the ratios 
of cl6' cl8' cl8:1' cl8:2 fatty acids to cl8:3 fatty acid are 0.12, 
0.06, 0.35, 0.31 respectively. However, in the lipids extracted from 
the 'day in - day out' test samples (21% weight gain) the values are 
approximately 1.2, 0.3, 2.1, and 0.77, respectively. This finding in-
dicates the disappearance of unsaturated fatty acids in the extracted 
lipid. This finding is what should be expected. This is additionalin-
dication of the oxidation of polyunsaturate fatty acids as the result 
of the 1 day in - day out' test. 
E. 'In Vitro' Tests 
1. General Background 
Autoxidation polymerization of polyunsaturated fatty acid is a 
complicated process which is not entirely understooct. 54 The free 
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TABLE X 
Results of GC Analyses of Lipids 
Sample cl4 c1s cl6 cl6:1 cl6:2 cl8 cl8:1 cl8:2 cl8:3 
CM-63 8 




from 1 day in- day out 1 8 2 14 5 6.5 
test (21% weight gain) 3a 2a 
a. More than one peak observed 
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radical mechanism of autoxidation of unsaturated fatty acid was summar-





RH + 0 2 ---7 R· + ·OOH 
'c 
/ 
/ 1 I 
c + o2 ---7 • c - c -oo. 
'-. I I 
Chain Propagation: 
R · + 0 ---7 RO · 2 2 
R02 · + RH ---7 ROOH + R· 
Decomposition of Peroxides: 
ROOH ---7 RO· + ·OR 
M + ROOH ---7 Free radical or inactive product 
X + ROOH ---7 Free radical or inactive product 
Self Termination: 
R0 2 · + Ro 2 · ---7 Inactive products 
In the foregoing equations: 
RH = fatty acid 
R02 or RO = peroxy and alkoxy free radical 
M Metal 












Framer55 et al., studied the autoxidation of ethyl linolenate. The fol-
lowing scheme was proposed: 
1 6 15 14 13 12 11 10 9 
CH = CH CH2 CH = CH CH2 - CH CH 
(I) l - H· abstraction of a hydrogen atom 
- CH CH - CH - CH = CH2 - CH2 - CH -
~ - CH CH = CH CH CH - CH2 - CH CH-(III) 
CH CH CH = CH - CH - CH2 - CH -
(IV) 
- CH CH - CH2 - CH = CH2 - CH - CH = CH -
CH = CH CH - CH CH - CH = CH-
and 




(IV) + 0 2 ---7 - CH 
(V) + 02 ---7 - CH = 
- CH CH - CH2 - CH CH - CH 
(VI) 
- CH CH - CH CH - CH2 - CH CH -
(VII) 










(VI) + 0 2 ~ - CH = CH - CH2 - CH = CH - CH 
etc. 
addition of hydrogen atom 
abstracted f rom another 
linolenate molecu le 
As mentioned above polymers may be formed by 
ROO· + R· ~ ROOR 
R· + R· ~ RR 
ROO· + ROO· ~ ROOR + o2 etc. 




Metallic ions have a catalytic effect on the autoxidat i on of unsatur-
ated fatty acid. 56 • 57 M i any organ c peroxides are able to abstract 
electrons from and yield electrons to metallic cations: 
+ * -Cu + ROOH------ Cu + RO: + · OH 
Cu++ +ROO:-~ ROO· + Cu+ 
57 
Karfmann , et al., demonstrated that the aqueous emulsions of 2 x 10-~ 
linolenic acid in a 2 x 10-4M phosphate buffer at pH= 7.5, hemog l obin 
catalyzed the autoxidation. 
2. Emulsion Tests 
Samples which were subjected to short, intermediate, l ong and other 
post cures were evaluated. The results of oxygen, air, argon and n itro-
gen emulsion tests are tabulated in Table XI, XII, XIII, XIV. Th e tes t s 
did not yield any correlative information concerning the relationship 
between lipid uptake and the extent of post cure. While the overall re-
sults are scattered, the results of any specific test was consistent a nd 
can be utilized to qualitatively illustrate mechanistic behavior. For 
demonstration purposes the long post cure samples were chosen and data 
was plotted as the lipid uptake of silicone rubber against time 
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TABLE XI 
Lipid Uptake Results of the Oxygen Emulsion Tests 
Time (weeks) 1 2 3 4 5 6 7c Be 9c 10c llc 12c 
Degree of Post Cure Percentage of Lipid Uptake 
Long-T a 2.3 2.8 3.4 3.6 4.1 4.7 5.0 6.8 7.8 9.2 12.3 15.0 
Long-O b 2.3 2.8 3.9 4.3 5.0 5.8 6.3 8.1 9.3 11.0 13.7 16.8 
Intermediate-T 2.3 2.7 3.3 3.9 4.1 4.8 4.3 5.4 5.6 6.0 7.3 11.0 
Intermediate-a 2.2 2.7 3.8 4.5 5.2 6.0 6.3 8.2 9.5 10.8 12.7 17.0 
Short-T 2.0 4.6 5.4 6.0 6.3 7.2 7.1 8.7 9.9 11.0 12.8 17.0 
Short-0 2.5 3.0 4.2 4.6 5.3 6.2 6.2 7.4 8.5 9.2 10.6 12.6 
Al-T, 0 150 C-2 hrs 2.0 4.3 5.0 5.5 5.6 6.6 6.5 8.0 8.9 10.0 11.8 13.7 
Al-0, 0 150 C-2 hrs 2.3 3.0 3.9 4.4 5.1 5.8 5.8 7.4 8.5 9.8 11.6 11.0 
A4-T, 0 150 C-24 hrs 2.5 2.6 3.0 3.8 4.2 6.3 7.5 9.5 
A4-0, 0 150 C-24 hrs 2.2 2.8 3.9 4.3 5.2 6.1 6.2 7.9 8.8 10.4 12.4 14.8 
C1-T, 0 246 C-2 hrs 2.1 2.5 3.4 3.5 3.9 4.5 4.6 6.1 6.7 8.3 10.0 12.5 
C1-0, 0 246 C-24 hrs 2.3 2.9 4.0 4.6 5.2 6.1 6.1 8.1 9.2 11.0 13.2 16.0 
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TABLE XI (cond.) 
Time (weeks) 1 2 3 4 5 6 7c Be 9c lOc llc 12c 
Degree of Post Cure Percentage of Lipid Uptake 
C4-T, 0 246 C-24 hrs 2.3 2.6 3.3 3.5 3.6 4.5 4.2 5.9 6.5 7.9 9.3 
C4-0, 0 246 C-24 hrs 2.1 2.7 3.5 4.4 5.1 6.5 6.6 8.7 10.0 12.3 14.0 17.0 
a. T-Translucent sample (MDX-4-4515) 
b. 0-0paque sample (MDX-4-4524) 
Samples were exposed in air 1 day 0 c. at 50 C for ea. week in the emulsion 
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TABLE XII 
Lipid Uptake Results of the Air Emulsion Test 
Time (weeks) 1 2 3 4 5 6 7c 8c gc lOc uc 12 c 
Degree of Post Cure Percent of Lipid Uptake 
Long-T a 2.7 2.7 2.9 3.0 3.1 3.3 3.9 6.6 7.5 8.5 10.7 11.5 
b Long-O 2.3 2.5 2.6 3.1 3.7 4.6 6.3 8.0 9.3 11.8 13.6 
Interm.ediate-T 2.7 2.7 2.8 3.0 3.0 3.6 4.2 5.9 8.0 9.3 12.0 15.0 
Intermediate-a 2.4 2.6 2.9 3.2 3.5 4.1 5.1 7.5 9.4 10.3 13.0 19.4 
Short-T 2.4 2.4 2.4 2.5 2.4 2.6 3.0 4.3 4.9 6.2 6.5 
Short-0 2.6 2.7 2.9 3.2 3.4 4.8 4.5 6.3 7.6 8.4 11.0 12.0 
Al-T, 0 150 C-2 hrs 2.3 2.3 2.4 2.4 2.4 2.5 2.8 3.7 4.5 4.8 6.5 6.8 
Al-0, 0 150 c-2 hrs 2.0 2.5 2.7 2.9 3.1 3.8 4.4 6.1 7.4 8.3 10.3 12.0 
A4-T, 0 150 C-24 hrs 2.5 2.4 2.5 2.6 2.9 3.7 4.6 5.0 6.5 9.5 11.6 
A4-0, 0 150 C-24 hrs 2.5 2.7 2.8 3.0 3.1 3.9 4.5 6.4 7.6 8.9 10.0 11.6 
C1-T, 0 246 C-2 hrs 2.4 2.4 2.6 2.6 2.7 3.2 3.8 5.1 6.5 7.6 9.6 10.5 
C1-0, 0 246 C-2 hrs 3.0 3.2 3.0 3.1 3.2 3.4 5.5 7.7 9.9 11.5 14.0 16.0 
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TABLE XII (cond.) 
Time (weeks) 1 2 3 4 5 6 7c 8c 9c 10c llc 12c 
Degree of Post Cure Percent of Lipid Uptake 
C4-T, 246°C-24 hrs 2.7 2.7 2.7 2.9 2.8 3.3 3.6 5.0 6.1 7.3 8.5 10.1 
C4-0, 0 246 C-24 hrs 1.9 2.0 2.9 3.0 3.4 4.1 4.1 7.0 8.8 9.8 11.6 12.0 
a. T-Translucent sample (MDX-4-4515 
b. 0-0paque sample (MDX-4-4524) 
c. Samples were exposed in air 1 day at 50°C forea.week in the emulsion 
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TABLE XIII 
Lipid Uptake Results of the Argon Emulsion Test 
Time (weeks) 1 2 3 4 5c 6c 7c 8c 9c 1od lld 12d 13d 
Degree of Post Cure Percentage Lipid Uptake 
Long-T a 2.9 2.9 2.9 2.9 2.9 3.3 3.3 3.5 4.0 4.2 5.2 7.1 7.7 
Long-O b 2.5 2.6 2.6 2.7 2.8 3.5 3.6 2.8 4.4 4.9 5.1 6.6 7.3 
Intermediate-T 2.9 2.8 2.9 2.6 3.0 3.5 3.5 3.5 4.2 4.0 5.2 7.4 8.1 
Intermediate-a 2.6 2.6 2.6 2.6 2.7 3.0 3.8 3.3 4.8 4.0 4.7 7.0 7.4 
Short-T 2.4 2.4 2.4 2.5 2.7 2.6 3.1 2.3 2.6 3.1 3.9 4.2 
Short-0 2.7 2.7 2.7 2.7 2.8 3.8 3.6 3.5 4.2 4.1 4.6 6.0 6.3 
Al-T, 0 150 C-2 hrs 2.3 2.3 2.1 2.5 2.8 2.7 3.1 2.4 2.6 2.6 3.1 4.3 4.7 
Al-0, 0 150 C-2 hrs 2.6 2.6 2.6 2.3 2.8 3.3 3.2 3.2 3.2 3.8 3.9 5.0 5.3 
A4-T, 0 150 C-24 hrs 2.3 2.3 3.0 3.0 3.0 3.1 3.0 3.1 3.1 4.2 4.3 
A4-0, 0 150 C-24 hrs 2.6 2.6 2.6 2.4 2.9 3.5 3.3 3.9 3.0 3.6 4.3 5.6 5.8 
C1-T, 0 246 C-2 hrs 2.5 2.5 2.3 2.3 2.7 3.6 3.4 3.3 4.0 4.9 5.2 6.9 7.6 
Cl-0, 0 246 C-2 hrs 2.6 2.7 2.7 2.5 3.1 3.6 3.6 3.5 4.3 4.2 5.0 5.9 6.0 
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TABLE XIII(cond.) 
Time (weeks) 1 2 3 4 5c 6c 7c 8c 9c lOd lld 12d 13d 
Degree of Post Cure Percentage Lipid Uptake 
C4-T, 246°C-24 hrs 2.5 2.6 3.0 3.5 3.5 3.7 4.0 4.5 5.2 6.9 7.9 
C4-0, 0 246 C-24 hrs 2.6 2.6 2.4 2.4 3.0 3.7 3.7 3.96 4.7 5.3 6.0 7.9 8.6 
a. T-Translucent sample (MDX-4-4515) 
b. Q-Opaque Sample (MDX-4-4524) 
c. Samples were exposed in air 1 day at 50°C foreaweek in the emulsion 
d. Samples were exposed in air 2 days at 50°C forea week in the emulsion 
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TABLE XIV 
Lipid Uptake Results of the Nitrogen Emulsion Test 
Time (weeks) 1 2 3 4 5c 6c 7C 8c 9c 10d lld 12d ud 
Degree of Post Cure Percentage Lipid Uptake 
Long-T a 2.9 2.9 2.9 2.9 2.9 3.0 3.2 3.5 3.9 4.6 5.4 7.0 7.2 
Long-O b 2.5 2.7 2.6 2.7 2.8 3.5 3.6 4.4 4.3 6.0 6.3 9.0 9.5 
Intermediate-T 2.9 2.9 2.9 2.7 2.8 3.3 3.5 4.2 3.7 5.6 5 6.4 7.0 
Intermediate-a 2.6 2.6 2.9 2.7 3.0 3.5 3.6 4.5 4.4 6.1 7.4 8.7 9.1 
Short-T 2.4 2.2 2.2 2.2 2.3 2.6 2.4 2.8 2.4 3.2 3.8 4.8 5.0 
Short-0 2.7 2.7 2.7 2.7 2.7 3.6 3.5 3.6 4.2 5.0 5.0 7.0 7.7 
Al- T, 150°C-2 hrs 2.5 2.7 2.6 2.7 2.6 2.6 2.6 2.6 3.1 3.5 4.0 6.0 6.9 
Al-0, 0 150 C-2 hrs 2.6 2.6 2.5 2.3 2.7 3.1 3.0 3.1 3.7 4.3 4.8 5.7 6.9 
A4-T, 0 150 C-24 hrs 2.4 2.4 2.4 2.5 2.7 2.7 2.9 3.3 3.8 4.2 5.0 
A4-0, 0 150 C-24 hrs 2.6 2.7 2.6 2.6 2.9 3.2 3.1 3.3 3.8 4.9 5.7 7.2 7.5 
C1-T, 0 246 C-2 hrs 2.9 2.8 2.7 2.8 3.3 3.6 3.5 3.6 4.6 4.9 4.9 7.3 7.3 
C1-0, 0 246 C-2 hrs 2.6 2.5 2.5 2.9 3.3 3.3 4.2 3.8 4.2 5.3 5.5 7.1 7.1 
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TABLE XIV (cond.) 
Time (weeks ) 1 2 3 4 5c 6c c Be 9c lOd lld 12d 13d 7 
Degree of Post Cure Percentage Lipid Uptake 
C4-T, 246°C-24 hrs 2.9 2. 6 2.9 3.1 3.1 3.8 3.4 4.8 5.2 9. 5 9.8 
C4-0, 0 246 C-24 hrs 2.5 2.6 2.6 2.5 2.7 3.1 3.5 4.6 5.2 6.6 6.6 9.5 9.7 
a. T-Translucent sample (MDX-4-4515) 
b. 0-0paque sample (MDX-4-4524) 
c. Samples were exposed in air 1 day at 50° C for e. a. week in the emulsion 
d. Samples were exposed in air 2 days at 50°C for ea. week in the emulsion 
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in Figures 28 and 29. As shown in Figure 28 the percent lipid uptake 
of the samples which were subjected to nitrogen and argon tests reached 
2.6% in the first week and did not change in the next 4 weeks. As 
shown in the results of Sect;on C th1."s · h L ~s t e saturated concentration 
of linolenic acid in silicone rubber. After 5 weeks when the sample 
was exposed to air at 50°C, l day for l week emulsion the weight gain 
increased. From the data of first 5 weeks, it was shown that the pure 
diffusion of linolenic acid from the water emulsion cannot achieve a 
high lipid uptake. When the linolenic acid became oxidized in the 
silicone rubber after exposure to the air it was no longer in the equi-
librium swelling condition and more linolenic acid could diffuse into 
the bulk of the sample. Beginning at 10 weeks the samples were exposed 
in air for 2 days at 50°C after a week immersion in the emulsion. Since 
the exposure time of the sample to the air increased, more oxygen dif-
fused into the silicone rubber which enhanced the autoxidation reaction. 
Therefore the rate of weight gain of the samples increased accordingly. 
It is known that the oxidation of unsaturated fatty acid is an autoxi-
dation chemical reaction.54 The analyses in the previous section show 
that peroxides (intermediate product of autoxidation of unsaturated 
fatty acid) were found in the extracted lipids. The presence of per-
oxides is evidence of autoxidation. The autoxidation took place when 
the samples were exposed in air at 50°C for 1 day after 1 week in 
emulsion. Upon examination of equations (1) through (10), presented 
in General Background, are shown that the autoxidation process is 
free radical in nature. Once peroxides and free radicals were pro-
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go on for a time despite the fact that the silicone rubber was immersed 
in the emulsion in the presence of inert atmospheres such as nitrogen 
and argon. 
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(2) Free radical attack of the double bonds of linolenic acid: 
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As the chemical reactions expressed in equation (11) to (15) proceed 
more linolenic acid can be consumed inside the silicone rubber. Since 
the products of recombination of the free radicals will have a higher 
molecular weight it is difficult for them to diffuse out of the rubber. 
Therefore, the higher lipid uptake, compared to that of the first 5 
weeks, is expected. In order to demonstrate that the high molecular 
weight products of recombination are difficult to diffuse out of the 
rubber, the following experimental work was performed. One silicone 
rubber sample was immersed in linolenic acid (no peroxides), the other 
immersed in oxidized linolenic acid (0.62 meq/gm) at 50°C. The viscos-
ity of the oxidized acid was also compared to the normal acid. The ef-
fux time of oxidized linolenic acid and linolenic acid in a Number 300 
0 Cannon viscometer at 50 C are 76.8 seconds and 41.9 seconds, respective-
ly. The higher effux time of oxidized linolenic acid indicates the 
higher molecular weight species. As shown in Figure 30 the rate of 
lipid uptake of silicone rubber immersed in linolenic acid was higher 
than that immersed in oxidized linolenic acid. This data was also com-
pared to an oxidized linolenic acid which had an effux time of 410.6 
seconds. Due to the higher molecular weight of the autoxidation pro-
ducts they diffuse more slowly into the rubber. 
In Figure 29 the lipid uptake of silicone rubbers subjected to 
oxygen and air emulsion tests are presented. The free radicals or per-
oxides were either forming in the emulsion (autoxidation process) or 
taking place in the rubber by diffusion of oxygen into the silicone 
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consumes some linolenic acid and, therefore, more linolenic acid can 
diffuse into the silicone rubber. As shown in Figure 29 the weight 
gain increased during first 7 weeks but the rate of weight gain in-
creased significantly when the silicone rubber was in contact with air 
0 
at 50 C, 1 day for every 1 week in the emulsion. The lipid uptake 
reached 16% using oxygen and 11% using air. The diffusion of linolenic 
acid in rubber appears to be governed by the rate of generation of 
free radicals or peroxides inside the rubber. The self termination 
step consumes the free radical inside the rubber. In order to continue 
the oxidation reaction it is necessary to have a new source of free 
radicals or peroxides. Free radicals forming in emulsion is possible 
in the oxygen and air emulsion test but not possible in the nitrogen 
and argon tests.. Consequently, one would expect the lipid uptake of 
silicone rubber from the oxygen and air emulsion to be higher than that 
from the nitrogen and argon emulsion test. It was already shown that 
the peroxides content of lipid from the oxygen and air emulsion tests 
were higher than that of the nitrogen and argon tests. 
3. 'Day in- Day out' Tests 
Figure 31 shows the results of the lipid uptake of the translucent 
silicone rubber with different degrees of crosslinking subjected to the 
'day in- day out' test for 10 days. All samples were subjected to 
short post cure and Fec13 treatment prior to the testing. The lipid 
uptake decreased as the crosslinking density increased and appeared 
to approach an asymptote at 20% weight gain. It was also noticed that 
10- 3 to 2 x 10-3 mole/cm3 the lipid in the crosslinkage range 1.2 x 
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Figure 31 is the commercial silicone rubber. The effect of the post 
cure cycles (short, intermediate, long) on the lipid uptake of the sili-
cone rubber were also studied utilizing 'day in- day out' test. The 
results showed that the post cure cycles did not have any major effect 
on the lipid uptake of opaque silicone rubber. Those samples showed 
about 19% lipid uptake when subjected to the 1day in - day out' tests 
for 10 days. As mentioned in section B the mechanical properties of 
opaque silicone rubber subjected to different post cures were essen-
tially the same. The translucent rubbers which were short, intermedi-
ate and long post cured showed about 21%, 15% and 16% lipid uptake 
respectively. Because these results were obtained from small sample 
size (n=2) further study of large sample size (n=lO) is required. The 
-1 
I.R. spectra of extracted 'day in- day out' lipids shows a 3450 em 
peak for hydroperoxide and the , peroxide value was determined as 0.25 
meq/gm for the lipid extracted from 21% weight gain sample. These 
findings are additional evidence of the autoxidation of polyunsaturated 
fatty acid. 54 An explanation for the high lipid uptake of 'day in-
day out' test is given as follows: 
1. Linolenic acid diffused into the silicone rubber when the 
silicone rubber was immersed in linolenic acid at 50°C. 
2. When the silicone rubber with linolenic acid was exposed to 
air at so0 c, the oxidation of linolenic acid took place in the silicone 
rubber with the help of metal salt (FeC13 ) catalyst. 
3. When the silicone rubber-lipid system was immersed in the lin-
olenic acid after air exposure to air more linolenic acid diffused into 
the silicone rubber. Some linolenic acid actually reacted is a free 
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radical producing the hydroperoxide in the rubber. The recombination 
products of autoxidation unsaturated fatty acid do not diffuse out of 
the silicone rubber. 
One short post cure samp~e without Fec13 (MDX-4-4515) was sub-
jected to ~day in - day outt testing in order to gain information about 
the effect of FeC13 on the lipid uptake of silicone rubber. The amount 
of lipid uptake of silicone rubbers with and without Fec13 was plotted 
against time in Figure 32. As shown in Figure 32, at 10 days the sili-
cone rubbers with FeC13 achieved 19% weight gain compared to 5.8% 
weight gain by the silicone rubber without FeC13 • It is known that 
FeC13 accelerates the oxidation of polyunsaturated fatty acids. 56 • 57 
Samples with FeC13 subjected to •day in- day out~ tests were 
sectioned as described previously. A family of concentration profile 
curves were constructed by plotting the concentration of extractable 
lipids versus the distance from the surface of the rubber as shown in 
Figure 32. The solid symbol in Figure 32, is the sample subjected to 
the pure diffusion process. From this figure it is demonstrated that 
the pure diffusion of fatty acid alone cannot produce high lipid uptake 
the silicone rubber observed. 
4. 'Continuous' Test 
The results of the continuous test are plotted as the percent 
lipid uptake of silicone rubber against the time in Figure 34. The free 
radicals or peroxides in the oxidized linolenic acid diffused into the 
silicone rubber. At the same time the linolenic acid also diffused in-
once the linolenic acid and peroxides are in-to the silicone rubber. 
i red The analyses in the side the rubber the chemical react ons occur • 
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oxidation of polyunsaturated fatty acid) found in the extracted lipids . 
Polymeric materials were actually formed in the self termination chem-
ical reaction. Because of its larger molecular weight the linolenic 
acid has less mobility than that of low molecular weight lipids. The 
possibility of the higher molecular weight lipids diffusing out of the 
rubber is small. Therefore one would expect lipid accumulation in the 
silicone rubber . These tests demonstrate that the silicone rubber with 
FeC13 inside can absorb significant amount of lipids even when no oxy-
gen gas is presented. 
F. Dynamic Mechanical Properties Study 
If a sinusoidal strain (y) is applied to a polymer specimen at 
frequency w with a small amplitude, the stress (S) will be sinusoidal 








s = s 
0 
y yo sin wt 
s = s sin (wt + 8) 
0 
Yo is the maximum strain 
s is the maximum stress 
0 
we get 




cos 0 is in phase with the strain, resulting in stored elastic 
s 
0 
sin 0 is 90° out of phase with the strain related to the 
viscous lass of energy . 
Twa moduli can be defined; 
Et = (So/yo) cos 0 
En = (s0 fy0 ) sin 8 
The moduli can be expressed in complex form: 
* 
The absolute value is 
The ratio of two moduli , 
E = El + iE'1' 
tan o, is the dissipation factor 
E' tan o = 
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The dissipation factor is an indicator of the relative importance 
of viscosity as compared to the elastic aspects of material ts behavior.49 
For polymers the dissipation factor maximum reflects the transition 
temperature. 58 
An examination of Figure 35 reveals the following: In the low 
0 temperature range (-100 to -80 C) the moduli of the silicone rubber are 
greater than 1010 dyne/cm2 . The moduli decreased slowly as the temper-
ature increased. As 0 temperatures near -40 C the moduli decreased by a 
factor of 100 to 108 2 dyne/em • This transition was in the temperature 
range of crystalline melting point reported for the uncrosslinked poly 
(dimethyl siloxane), instead of the glass transition of the poly(di-
59 methyl siloxane). It was reported that the glass transition tempera-
ture of uncrosslinked poly(dimethyl siloxane) was -123°c. 60 The system 
under investigation was crosslinked poly(dimethyl siloxane). However, 
it was also reported that if the crosslinking process was not accompan-
ied by side reactions, which changes the chemical nature of the polymer 
significantly, the effects of the crosslinking on the transition tem-
60 i perature were slight. Based upon the above reports the trans tion 
at -40°c which was observed here is most probably the crystalline melt-
ing of the poly(dimethyl siloxane). As the temperature is further in-
creased the moduli reaches a plateau region. In this region, the , 
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short ra,nge motion of the polymer segments :i,s greater than that in the 
glassy state .. However, the long range motion of chains is greatly re-
stricted by the crosslinks of the polymer • For the silicone rubber' 
which has absorbed lipids 1 the moduli is essentially the same as the 
silicone rubber for the temperature below -40°C, In the temperature 
0 0 
range of -40 C to -10 C the lipids are still frozen in the solid state. 
In this temperature range the moduli of silicone rubber with lipid up-
take is higher than that of silicone rubber without lipid uptake. This 
is primarily due to the solid lipid inside the silicone rubber. The 
solid lipids act as "fillers" inside the silicone rubber. At a temper-
ature of approximately -10°C the lipid begins to melt. The melting 
point of linolenic acid is -10°c. 61 The melting lipid acts as if it 
were a lubricant between the polymer segments, Therefore the segmental 
motion of the silicone rubber increases which results in lower moduli. 
The broken crosslinkage or cracking of silicone rubber also con-
tributes to the low elastic moduli. The evidence of broken crosslink-
age or cracking will be discussed later. At body temperature (37°C) 
the elastic moduli values are 8.5 x 107 , 5.5 x 107 , and 4.5 x 107 , 3.4 
x 107 dyne/cm2 for 3%, 8%, and 22% and 35% lipids in silicone rubbers 
0 
respectively. The 35% lipid uptake in silicone rubber at 37 C only 
has 33.3% of the elastic moduli compared to the silicone rubber at the 
temperature. Figure 36 shows the dissipation factor (tan o) versus 
temperature. The peak at .-40°C for silicone rubber and silicone rubber 
with different amount of lipid uptake corresponds to the crystalline 
melting of silicone rubber. The peak near 26°C temperature range cor-
responds to the liquid phase of the technical grade linolenic acid. 
The melting point of pure linolenic acid was reported as -lOoC. How-
ever in our case technical grade linolenic acid consisted of palmitic 
acid (C 16 , Mp = 63°C), stearic acid (c18 , Mp = 720C), oleic acid (c18 :l' 
16°C), linoleic acid (c18 : 2 , MP = -5°C), 1· 1 · "d ( 1no en1c ac1 cl8:3• 
- 11°C). 61 Th h e tee nical grade linolenic acid was cloudy at 24°C, 
however the cloudiness disappears at 26°C. Therefore at 26oc the tech-
nical grade linolenic acid is a homogenous one phase fatty acid mixture. 
As shown in the Figure 35 the intensity of the dissipation factor peak 
at 26°C increased as the amount of lipid increased. These peaks indi-
cated the one phase lipid and the increasing segmental motion of the 
silicone rubber. The silicone sample with lipid uptake were extracted 
twice with excess amounts of a chloroform:methanol 2:1 (V/V) mixture, 
then vacuum dried. The moduli of extracted samples are shown in Figure 
37 . The moduli of the extracted sample is lower than the silicone rub-
ber. It was reported that for temperatures above the Tg, as the cross-
linkage of polymer decreased the moduli of the polymer also decreased. 60 
This evidence shows that either the crosslinks are broken and/or crack-
ing developed in the silicone rubber with high lipid uptake. This find -
ing also explains the 3% and 8% lipid uptake sample having almost the 
same moduli as that of the pure silicone rubber in the temperature 
range of -4ooc to -looc as shown in Figure 35. As mentioned above, the 
rubber in the rubber-lipid system has lower moduli than that of the 
silicone rubbers above. However, the solid in the silicone tends to 
shift the moduli of the rubber - lipid system upward. It was observed 
that the 3% and 8% lipid uptake samples have almost the same moduli as 
that of silicone rubber at the temperature range of - 40°C to -10°C. 
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Figure 38 shows the dissipation (tan 5) factor of the extracted sample 
versus temperature. The peaks at -10°C indicate that small amounts of 
residue of lipid due to incomp~eted extraction are present. An attempt 
was made to extract the residual lipid inside the sample by boiling the 
sample in the chloroform:methanol mixture (2:1) V/V for 48 hours. This 
attempt failed due to complete degradation of the sample into a white 
powder. Because of the residual lipid inside the sample no attempt 
was made to measure the crosslinkage of extracted sample by the swell-
ing test procedures. The complete degradation of the silicone rubber 
never subjected any 'in vitro' test was also observed when the silicone 
rubbers were toiling in a chloroform methanol mixture. 
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V. CONCLUSIONS 
As a result of this investigation the following conclusions were 
drawn: 
1. Wide variations in post cure procedures do not appreciably 
effect the mechanical properties of the silicone rubber. 
2. A mass transfer study of the diffusion of linolenic acid into 
silicone rubber at 50°C is a pure diffusion process with a constant 
diffusion coefficient (D = 3.2 x 10-3 cm2/min). The silicone rubber 
can only absorb 2.6 gm of linolenic acid per 100 gram of silicone rub-
o 
her at 50 C. This amount of lipid uptake indicates that pure diffu-
sion alone cannot account for the high lipid uptake (40% wt) found in 
some implanted silicone rubber heart valve balls. 
3. Several 'in vitro' tests which successfully simulated the 
weight gain of 'in vivo' lipids absorbed into the silicone rubber were 
presented. Those 'in vitro' test were able to produce high lipid up-
take of the silicone rubber in a relative short period of time. In the 
day in - day out' tests the si.licone rubber was able to pick up 21% 
weight gain (lipid uptake) in 10 days. 
4. The analytical results indicated both 'in vitro' lipids and 
'in vivo' lipids contained peroxides (either in peroxide form or in 
hydroperoxide form). A possibel mechanism for high lipid uptake of 
the wilicone rubber has been presented which is consistent with the 
analytical results of 'in vivo' lipids. 
5. Dynamic mechanical (viscoelastic) properties studies indicated 
that the mechanical properties of silicone rubbers with high lipid 
110 
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uptake were deteriorated. 0 At body temperature (37 C) the silicone rub-
ber which has 35% lipid uptake only has 33.3% of elastic moduli com-
pared to the silicone rubber at the same temperature. 
6. As the results of this investigation mechanistic information 
about the lipid uptake of the silicone rubber and the viscoelastic pro-
perties, properties of lipid-rubber system were obtained. Those find-
ings will serve as a foundation for further study directed toward the 
elimination of the high lipid uptake problem of silicone rubber sub-
jected to 'in vivo' environments. 
VI. ADDITIONAL WORK 
Additional studies are required in order to more completely define 
the role lipid uptake on s1"l1"cone rubber when ' subjected to in vivo' 
environments. 
l. A further investigation of the filler polymer interaction is 
required in order to understand the effect of the filler on the uncured 
gum (MDX-4-4515). 
2. The crosslinkage agent DCBP is usually mixed with silicone oil 
(50%) before it is blended into the filler-polymer system. The effects 
of the silicone oil upon the amount of extractable polymer from the 
cured silicone rubber are uncertain and should be investigated. 
3. A thorough investigation of the concentration of peroxides of 
lipids in the blood stream of patients is required in order to deter-
mine if a correlation exists between the peroxides concentration and 
the variance of silicone rubber ball subjected to 'in vivo' environ-
ments. 
4. The concentration of trace metal concentration on the variance 
silicone rubber balls should be studied. 
5. A further investigation to study the mechanism of crack devel-
opment and mechanical properties deterioration of the silicone rubber 
which has high lipid uptake is needed. 
6. The present viscoelastic studies, at low frequency, were per-
formed by keeping the frequency constant and scanning the temperature. 
Studies involving the high frequency responses of silicone rubbers are 
needed. This work is aimed at discovering what effect hydrodynamic 
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function and chemistry has on the degeneration and variance problem, 
and the section to follow is concerned specifically with a physical 
measurement, the dynamic (or complex) shear modulus over a wide fre-
quency range, which will hopefully be sensitive to the fine structural 
differences which exist between poppet materials in various stages of 
manufacture and use. 
Measurement of the complex shear modulus of the ball valve mater-
ials should be sensitive to the degree of fissuring of the material and 
may even indicate the beginning stage of degradation of chemical bonds 
leading to the actual fissuring. In the measurement a sinusoidal shear 
wave is generated in the material whose transmission through the mater-
ial is extremely sensitive to disruptions or non-homogeniety of the 
material. When the disruptions occur with regular spacing, the frequen-
cy of generation whose wave length corresponds to that spacing will be 
particularly affected. As a limiting case, it is easy to see that a 
large crack whose length is much greater than the amplitude of the shear 
wave could effectively stop transmission of the shear stress in that 
region by accepting a high level of shear strain, thus causing a very 
low observed shear modulus. This illustrates that there must be an 
interaction between the amplitude of the shear wave and the size of 
the fissures affecting its transmission. This interaction may also 
yield valuable information. 
There is essentially no previous research in the use of the dynam-
ic shear modulus as an indicator of the structural properties, and par-
ticularly integrity, of prosthetic materials. Investigation on pros-
thetic materials have generally been limited to such measurements as 
~13 
tear strength and maximum extension. The dynamic shear modulus has, 
however, been used extensively to investigate the rheological proper-
ties of polymeric materials, both for testing model (constitutive) equa-
tions and for correlation with other properties of the material, such 
a s the transitio n from a glassy to a rubbery state as temperature is 
raised . This latter application is an illustration of the sensitivity 
of the method to material structure. Should these measurements be sen-
sitive enough, it would indicate how the materials differ in physical 
structure , particularly when near the point of failure. Ordinary solu-
tion techniques of measuring polymer degradation cannot be used with 
crosslinked, cure polymetric material used in heart valve poppets. 
These studies will be made on the crosslinked silastic ball of the Starr-
Edwards valve, a nd will include measurements of dynamic shear modulus 
on uncured, cured , new ball, and used ball materials in several stages 
of degeneration. This phase of the work is being pursued via a propos-
al in progress to the NIH. The ideas were suggested by Dr. G. K. 
k · h. ·11 be under his direction. Patterson and future wor ~n t ~s area w~ 
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APPENDIX A 
PRELIMINARY 'IN VITRO' STUDIES USING SILICONE RUBBER BALLS 
1. Effect of Stress Strain 
To evaluate the mechanical effect upon lipid uptake, an Instron 
Model TTM was employed. Five 20.8 mm silicone rubber balls, under a 
compression cyclic load, were immersed in a liquid cell. This size 
ball was used in all subsequent tests. The liquid used was the 
pseudo-plasma medium described by Kahn28 and presented in Table I in 
the text. 0 The temperature was held at 37.0 + 0.1 C in a constant 
temperature bath. The cyclic frequency was 5 cycles per minute and 
the compression lead varied from 0 to 58 Kg. Oxygen gas was bubbled 
into the medium at the rate of approximately 4-6 liters/hour. A pH 
of 7.3-7.6 was maintained by daily addition of NaOH solution. 
2. Effect of Velocity Profile 
Another test was conducted by continuously circulating the same 
pseudo-plasma medium past the samples. A 30 mm I.D. Pyrex glass 
served as sample chamber. A steady flow of 3.6 1/min was delivered 
by a stainless steel centrifugal pump. Five balls were employed as 
the samples and the velocity of the medium varied from 8.5 em/sec in 
tube to 16.3 em/sec in the chamber. The temperature was held at 
37oc + 0.1°c in a constant temperature circulating bath. A pH of 
7.3-7.6 was maintained by daily addition of NaOH solution. Oxygen 
gas was bubbled into the medium. 
116 
3. Stagnation Tests 
Two sets of poppets were placed in the same medium at 37°c with 
and without oxygen bubbling through the medium. In all cases samples 
were removed at regular intervals for weighing. 
4. Pulse Duplication Tests 
A pulse duplicator was designed consisting of a cage and ball 
valve in medical grade Tygon tubing on a pulse duplication device as 
27 described by Almond et al. This equipment could produce 850 cycle 
pulses/min. The pseudo-plasma flow rate was about 61/min in the Tygon 
tubing. The poppets were removed at regular intervals (usually one/ 
0 
week) for weighing. The temperature was kept at approximately 37 C. 
The pseudo-plasma was saturated with air by passing it through a 
gas-permeable tubing. 
5. Results 
As shown in Figure I, poppets subjected to the pulse duplication 
had the highest lipid uptake followed by those in the stress-strain 
system, flow system, stagnation system with oxygen bubbling and 
without oxygen bubbling. Therefore, it appears that the high velocity 
of flow and high pressure do increase the lipid uptake. However, the 
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DERIVATION OF SWELLING OF CROSSLINKED ~OLYMER NETWORK 
The thermodynamic aspects of the swelling of crosslinked polymers 
are described by Flory and Rehner64 • The following derviation is based 
upon equating the free energy change produced by mixing the polymer 
with a solvent to the free energy change necessary to extend the poly-
mer with a solvent to the free energy change necessary to extend the 
polymer network. The free energy change ~F involved in mixing of a 
solvent with a polymer network was considered as: 
where 
= the free energy of mixing 
= the free energy to the expansion of the polymer 
network structure 
A • 64 A suitable expression for uFM 1s 
where 
= 
the volume fraction of polymer in the swollen state 
the polymer solvent interaction parameter number of 
molecules of solvent 




t-.F = kTN (3a -3 -ln a ) 
e 
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where a is the lineat: expansion coef;f;icient. 
The chemical potential of; the solvent in the swollen gel is given 
by: 
0 
l.l - l.l 1 1 
where N is the Avogadro's number 
and a 3 = V/V 
where 
V = the volume of the polymer 
0 
V = the volume of swollen gel 
Evaluating the derivatives64 we obtain: 
0 = RT[ln(l - ~ + x~2 + 2V1N(~l/3 - ~/2)] l.ll - l.ll 
At swelling equilibrium, 




DERIVATION OF THE RUBBER ELASTICITY EQUATION24 
First consider that the polymer segments are part of a loose 
network. When the piece of rubber is stretched, the ends of the 
segments move to new positions in the same proportion as with the whole 
piece of rubber. The removal of the external stress will allow the 
chain ends to return to their original distribution. The probability 
Q (x,y,z) that a polymer segment has when one end is fixed at the 
origin of a coordinate and the other end at position (x,y,z) is 
n(x,y,z) s2 
312 2 2 2 2 (--) exp [-S (x +y +z )] 
7T 
where s = (3/2) 112n-l/ 2a-l/ 2 , and n is the number of bonds, each of 
length a. If the overall dimensions of the sample are changed such 
that x 2 = axX, y 2 = ayy, z 2 = a 2 z, then the ratio of the probability 












f S tate 1 to state 2 is: The entropy change rom 
AS = 
k 2 2 2 (a + a +a - 3) 2 X Y Z 
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If there are 2s effective chains in a system, the entropy change 
of segments with ends that cannot move freely because they are tied as 
crosslink can be expressed as: 
~s -ks (a 2 + a 2 + a 2 - 3) 
X y Z 
If a piece of rubber is stretched with a force f to a distance dL, 
the 'thermodynamic equation of state' for the rubber is: 
f = -T (a~s) 




where a = L/L , the ratio of length to unstretched length at T. If 
0 
the rubber is stretched in the x direction and total volume remains 
constant 
Then 
If a = f/A 
a a a = 1 
X y Z 
f 
and a y 
2 2 
a = 1/a 
Z X 
2kTS (a - 1/a 2) 
L X X 
0 
where v = L A the original volume of the rubber 




2kT N (a. - 1/a ) 
d "f" d 46 For the filler-polymer system the above equation can be mo 1 1e : 
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' 2 
a = 2RTNV2 (a- 1/a ) 
where v2 is the volume fraction of polymer in the filler-polymer system. 
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APPENDIX D 
SAMPLE CALCULATION FOR CROSSLINKAGE DETERMINATION 
BY MECHANICAL TESTING 
The crosslinkage of silicone rubber can be determined by the 
following equation: 
where 
2 a = 2RT N V2 (a - 1/a ) 




temperature in °K 
mole of effective crosslinking per unit volume 
L/L 
0 
the extended length of the samples having initial length L 
0 
volume fraction of the polymer in polymer-filler system 
For 1% DCBP sample without post cure 
gauge length 2.2 em 
elongation 1.0 em 
Th 2 6 2 5.6 kg/em = 5 . 49 x 10 dyne/em 
T = 293°K 
3
. 
2 1.445 a = 2.2 = 
Basos = 1 gm of rubber (70% wt. polymer) 
wt. of polymer 
= density of polymer 
wt. of polymer 
density of polymer 
+ wt. of silica filler 







Substituting the above values into equation we obtained the effective 
crosslinking per unit volume (N) as: 
N 5.49 X 10
6 
2 X 8.314 X 107 X 293 X 0.85 X 0.9816 
1.35 x 10-4 mole crosslinks/cm3 of rubber 
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APPENDIX E 
SAMPLE CALCULATION FOR CROSSLINKAGE DETERMINATION 
BY SWOLLEN TEST 
The thermodynamic equation of the swelling of crosslinked polymers 







= 2 V N(~l/3 - ¢/2) 1 
3 
molar volume of solvent (107 em /mole for toluene) 
volume fraction of rubber at swollen state 
1/pr 
(w/pn) + (1/pr) 
density of rubber 3 1.155 g/cm 
density of toluene = 0.8669 g/cm3 
gram of toluene sorbed per gram of rubber 
the polymer-solvent interaction parameter which character-
izes the interaction energy per mole of solvent divided by 
RT for a specific polymer solvent pair 
1% DCBP sample without post cure 
dry weight 1.0939 gm 
X = 0.458 
2.9637 - 1.0939 
1. 0939 1. 710 
1/1.55 
¢ = 1.710/0.8669 + 1/1.155 0.305 
Therefore 
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